A striation pattern can emerge in high-frequency acoustic signals interacting with dynamic surface waves. The striation pattern is analyzed using a ray tracing algorithm for both a sinusoidal and a rough surface. With a source or receiver close to the surface, it is found that part of the surface on either side of the specular reflection point can be illuminated by rays, resulting in time-varying later arrivals in channel impulse response that form the striation pattern. In contrast to wave focusing associated with surface wave crests, the striation occurs due to reflection off convex sections around troughs. Simulations with a sinusoidal surface show both an upward (advancing) and downward (retreating) striation patterns that depend on the surface-wave traveling direction and the location of the illuminated area. In addition, the striation length is determined mainly by the depth of the source or receiver, whichever is closer in range to the illuminated region. Even with a rough surface, the striation emerges in both directions. However, broadband (7-13 kHz) simulations in shallow water indicate that the longer striation in one direction is likely pronounced against a quiet noise background, as observed from at-sea experimental data.
I. INTRODUCTION
High-frequency forward scattering of acoustic waves from the ocean surface can be important for various applications, including underwater communications, sonar performance, and adaptive array processing. While a standard approach to rough surface scattering is a statistical treatment with a long history, 1,2 recent work in this area has adopted a deterministic approach to studying the basic physics behind the focusing and defocusing phenomenon observed in the surf zone. 3, 4 To this end, Tindle and Deane 4 have developed an efficient broadband wavefront model that can handle range dependence of boundaries and evaluate the acoustic field everywhere, including near caustics and in the shadow zones. A controlled tank experiment 5 was then performed to demonstrate a good agreement between the theoretical results from wavefront modeling and experiment, providing valuable insight into the reflection process beneath smooth surface waves. Most recently, the Kirchhoff approximation, 1 with smoothly varying pressure release surfaces, was applied to investigate the deterministic structures in the sound field reflected by surface gravity waves in very shallow water ($15 m). 6 In a separate development, Badiey et al. 7 reported an important finding from the KAM11 experiment 8 conducted in shallow water ($100 m) off the western side of Kauai, Hawaii. Examples of time-varying channel impulse responses (CIR) are shown in Fig. 1 between each source fixed near the bottom (denoted by Sta05 and Sta07) and a hydrophone receiver suspended from the ship (R/V Kilo Moana), separated by about 500 m in range. The two sources are positioned almost symmetrically with respect to the receiver. The two vertical lines in Figs. 1(b) and 1(c) represent the direct arrival and the bottom bounce arrival. The time-varying arrivals followed in pairs are the surface bounce and the bottom-surface bounce. A remarkable feature here is the emergence of scattered, slanted later arrivals, which collectively generate a striation pattern in the tail. Furthermore, the striation runs in opposite directions for the two sources while the dominant wave direction was from the north-east [see top view of Fig. 1(a) ]. In contrast to Fig. 2 of Ref. 7 the CIR displayed in Fig. 1 involves additional processing to remove the up and down motion (i.e., heave) of the receiver by compensating for the phase variation over time along a dominant path (i.e., direct arrival) with appropriate resampling. 9 As a result, the first two arrivals are straightened out and the later arrivals free from ship motion are mainly due to environmental fluctuations associated with dynamic surface waves. The motivation of this paper is to search for clues concerning the striation pattern.
It is now well understood that the passage of a surface wave crest leads to focusing and caustics resulting in rapid variation in the received waveform as the surface wave moves. 3, 5 However, the notion that a similar mechanism for wave front focusing is responsible for the striation pattern 7 is questionable due to the following reasons. First, wave focusing events are highly transient in nature, appearing and disappearing within a fraction of a second, 3 rather than lasting a few seconds as exhibited in the striation pattern. Second, the controlled experiments (in the surf zone and tank) with the a) Author to whom correspondence should be addressed. Electronic mail:
wseong@snu.ac.kr surface wave moving parallel to the acoustic propagation 4, 5 showed the crossing of advancing and retreating delays during wave focusing (i.e., butterfly pattern); "advancing" means "delay of signal becomes shorter" as a surface wave travels, and vice versa for "retreating." In contrast, the striation emerges dominantly in one direction depending on the wave direction with respect to the propagation direction. 7 Finally, the focused and intense returns occur within a tenth of a millisecond from the specular reflection arrival, in comparison with up to a few milliseconds observed in the tail of Fig. 1 along with mostly weaker returns. Aside from the physics behind the striation, Ref. 7 was able to qualitatively replicate the striation pattern using a two-dimensional (2-D) parabolic equation (PE) model with an evolving sea surface implemented in the frequency domain through discrete Fourier transform analysis. In this paper, the striation pattern is analyzed using a simple geometric ray theory that can find the exact intersection points with a rough surface represented by a sum of sinusoidal functions. 10 When the surface wave is smooth relative to source frequency, the interface of surface wave is considered to be partially flat and the pressure at the interface is computed using the reflection coefficient, 11 and the ray-based model can be applied as the previous works. [3] [4] [5] [12] [13] [14] [15] The benefit of the time-domain ray approach over the PE model is to enable tracking of the rays interacting with the surface wave causing the striation pattern. In our analysis, attenuation and scattering of sound by bubbles near the surface are not considered. We also assume a 2-D problem as in Ref. 7 in which the surface wave travels parallel to the acoustic propagation, either in the same or opposite direction. The key findings of this paper can be summarized as follows:
(1) Part of the rough surface on both sides of the specular reflection point can be illuminated. The resulting later arrivals form a striation in opposite directions, upward (advancing) and downward (retreating); the pattern depends on the surface wave direction, the illuminated region, and the sourceÀreceiver geometry. (2) As opposed to wave focusing caused by the curvature of a wave crest, the striation occurs due to reflection off the convex section around a trough. (3) The striation emerges as a curve for a sinusoidal wave whose length is determined mainly by the depth of the source or receiver, whichever is closer in range to the illuminated region. (4) While the striation occurs in both directions even for a general rough surface, broadband simulations with an asymmetric geometry indicate that the longer striation in one direction is likely noticeable against a quiet noise background, as observed in Figs. 1(b) and 1(c). (5) The striation for a rough surface emerges as scattered, short lines due to the irregular surface shape, rather than as smooth long curves with a sinusoidal surface.
The outline of the paper is as follows. Section II reviews the ray tracing algorithm that enables us to find the exact intersection points without discretizing a rough surface. In Sec. III, the ray tracing algorithm is applied to an ideal halfspace bounded by a sinusoidal surface wave with a sourceÀ receiver geometry, either symmetric or asymmetric with respect to the surface. The asymmetric geometry will lead to a striation pattern with a different length in opposite directions. In Sec. IV, broadband simulations (7-13 kHz) with a rough surface and an asymmetric geometry demonstrate that the longer striation can emerge in one direction depending on the surface wave direction, consistent with KAM11 data shown in Fig. 1 . Final remarks are presented in Sec. V.
II. RAY TRACING WITH A ROUGH SURFACE
A ray tracing algorithm 10 capable of treating a traveling surface wave is employed to simulate a time-varying acoustic channel caused by dynamic surface waves. For a horizontally stratified medium, the Eikonal equation of ray theory reduces to Snell's law. In each layer, the sound speed is assumed to vary linearly and the ray trajectory becomes circular. With these assumptions, the trace, travel time, and distance of a ray can be calculated analytically within each layer. 16 In our treatment, the upper bound of the first water layer is a pressure release surface wave and the lower bound is located just below the lowest point of the surface wave. The sound speed can be assumed constant owing to a uniform void fraction due to small bubbles, 17 and the ray trajectory is linear in the first layer.
A general, rough surface wave can be represented as a sum of sine functions whose amplitude is determined from a surface wave spectrum. 18 The intersection between a ray and the surface can be found from
where r 0 , z 0 , t 0 , and h 0 are the initial horizontal range, depth, time, and grazing angle of the ray in the first water layer, m is the tangent of the ray angle and c is the sound speed. In addition, h i , k i , x i , and / i are the amplitude, wave number, angular frequency, and phase of each sinusoidal surface component, respectively. The surface wave number k i and angular frequency x i follow the dispersion relation for surface gravity waves. When the acoustic propagation is oblique to the dominant direction of the surface wave, k i in Eq. (1) is simply replaced by k i cos u, where u is the azimuthal angle of acoustic propagation from the dominant surface wave direction. Note that h i can be expressed as ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi 2Sðx i ÞDx p , where S(x i ) and Dx are the surface wave spectrum and angular frequency difference between adjacent angular frequencies, respectively. The term multiplied by x i accounts for the travel time of a ray until the ray meets the surface wave, incorporating the surface wave movement during the ray propagation. An accurate solution for Eq. (1) can be found using a combination of numerical schemes such as Newton-Rhapson, increment and false-position methods. 19 In conventional ray tracing algorithms, the surface wave profile is discretized into segments, each segment being treated as linear or curved with a carefully chosen width, 13 and the intersection between a ray and the surface segment can be found efficiently. However, the exact location of the intersection depends on the segment width, which can alter the ray trajectory afterward. For the ray tracing algorithm employed in this paper, the surface wave is treated analytically without a need for surface discretization and the intersection is found rigorously using the aforementioned numerical schemes. As a smooth surface wave progresses, the intersection point can follow continuously along the surface and generate the striation pattern in surface reflected signals as will be shown in Secs. III and IV.
The amplitude of a ray at the receiver is computed based on energy conservation within a ray tube. 4, 20 The information necessary for calculating the ray amplitude comes from the ray trajectory. Although a curved surface can lead to caustics and shadow zones requiring a special treatment such as wavefront modeling, 4 the simple geometric ray method will be adequate for our present purposes which has the capability of finding the intersection accurately, without surface discretization because the striation pattern is derived from additional reflections from the curved surface on both sides of the specular reflection point as revealed in Sec. III.
III. STRIATION WITH A SINUSOIDAL SURFACE
In this section, we consider an ideal half-space bounded by a pressure release, sinusoidal surface wave to understand the origin of the striation and its characteristics. The sourceÀreceiver geometry is chosen either symmetrically or asymmetrically with respect to the surface to investigate its impact on the striation pattern. The sound speed of the medium is 1500 m/s. The surface wave frequency is 0.2 Hz with a wavelength of 40 m and height of 2.8 m from peak to trough. The surface wave is moving with a phase speed of 8 m/s based on the wave dispersion. For simplicity, the source signal is assumed to be a Dirac delta function with an infinite bandwidth. The term forward here refers to the surface wave moving in the same direction as the acoustic propagation while the term backward refers to the surface wave moving in the opposite direction to the acoustic propagation.
A. Symmetric case
Both the source and receiver are positioned at 10 m below the mean surface as illustrated in Fig. 2(a) . The horizontal distance is 200 m containing five full wave cycles. The simulated time-varying CIR using the simple ray tracing model is displayed in Figs. 2(b) and 2(c) when the surface wave is traveling from left to right (forward) and from right to left (backward), respectively. The CIR is computed every 50 ms for a 20 s period. The first vertical line at 133.3 ms is the direct horizontal arrival. The second vertical line around 134 ms is the surface bounce from the vicinity of the specular reflection point in the middle (i.e., 100 m). Specifically, the shortest surface bounce path occurs during the passage of a trough near midrange.
What is pronounced is the emergence of a curved striation pattern in both directions immediately following the surface reflected arrival, extended over 1 millisecond upward (advancing arrivals) and downward (retreating arrivals). Given the geometry, the striation pattern appears symmetrical regardless of the surface wave direction. Note that the apparent difference between (b) and (c) of Fig. 2 is simply due to different initial states of the surface wave. The origin of the striation and its characteristics for a more general scenario is described below.
B. Asymmetric case
For an asymmetric example, the source is now positioned at 20 m, twice deeper than the receiver at 10 m depth as depicted in Fig. 3(a) . The simulated time-varying CIR is shown in Figs. 3(b) and 3(c) when the surface wave is moving forward and backward, respectively. The two vertical lines at 133.5 and 134.7 ms are the direct arrival and the shortest surface bounce arrival during the passage of a trough near the specular reflection point, respectively. Similar to the symmetric case, a curved striation pattern emerges in both directions. However, the lengths are significantly different from each other. Specifically, the upward striation is longer than the downward for the forward surface in Fig. 3(b) , and vice versa for the backward surface in Fig. 3(c) .
The eigenrays leading to the striation can be traced accurately using the ray approach described in Sec. II. In Fig. 4(a) , our attention is restricted to region 1 which denotes the surface area illuminated by a higher launch angle from the source and is located on the left side of the specular reflection point toward the source. As the surface wave progresses forward (left to right), the intersection point gradually approaches a trough along the right side of the convex section (dotted line). The decreasing ray path results in the upward striation in Fig. 4(b) . As the intersection reaches near the trough (earliest arrival), the eigenray jumps to the following convex section (solid line) due to shadowing, and the reflection process starts over from around the inflection point (latest arrival). The resulting discontinuity in the striation pattern is evident in Fig. 4(b) . Conversely when the surface progresses backward (right to left), the reflection process is reversed, generating the downward striation shown in Fig. 4(c) .
On the other hand, region 2 is the surface area illuminated by a lower launch angle, located on the right side of the specular reflection point and close to the receiver as shown in Fig. 4(d) . In contrast with region 1 in Fig. 4(a) , the left side of the convex section is illuminated and shadowing is induced by the source. As the surface wave progresses forward, the intersection point gradually moves away from a trough (dotted line) with a longer path until the eigenray is blocked by the following convex section (solid line), and the reflection process starts over from around the next trough. The resulting striation pattern is downward with a discontinuity shown in Fig. 4(e) . As the surface moves backward, the process is reversed, generating the upward striation in Fig. 4(f) . In Figs. 3(b) and 3(c) , there is a second striation pattern emerging from around 135 ms in one direction and eventually merging with the other short striation. This weaker second striation is due to multiple scattering (i.e., twice) off from region 2.
Looking at the inset of Fig. 4(a) , the difference in travel distance is proportional to sin h where h is the angle of surface slope at the intersection. For rays reflected off near a trough (i.e., h % 0), the change in travel distance is minimal and the slope jds=dtj becomes almost flat where s is the delay (horizontal axis) and t is the ping time (vertical axis). As the slope increases for rays reflected off around the inflection point away from a trough, jds=dtj becomes larger. Accordingly, the striations are shaped in curves.
The striation length is proportional to the maximal difference in travel distance. As derived in the Appendix, the length is proportional to the square of source depth or receiver depth, whichever is closer in range to the illumination area, and to a lesser degree, by the extent of the illumination width. Finally, the curved surface can act like an acoustic FIG. 4 . (Color online) Detailed description of the striation to be formed for the asymmetric geometry shown in Fig. 3 . Regions 1 and 2 in the first column refer to the surface area of interaction on the left (a) and right (d) side of the specular reflection point, respectively. The upper row illustrates the striation pattern due to reflection off region 1 when the surface wave is moving forward (b) and backward (c). The reflection occurs on the right side of the convex section around a trough in region 1. In contrast, the bottom row illustrates the striation pattern due to reflection off region 2 when the surface wave is moving forward (e) and backward (f). The reflection occurs on the left side of the convex section around a trough. The striation length mainly depends on the depth of the source or receiver, whichever is closer to the illuminated region.
lens. The signal reflected from the surface toward a crest (i.e., concave) provides a higher amplitude than the convex section toward a trough due to energy convergence. Not surprisingly, the intensity increases along the striation from left to right in Figs. 2 and 3 .
IV. KAM11 EXPERIMENT
The simulations based on the ray tracing algorithm for a sinusoidal surface wave in Sec. III provided a sufficiently detailed explanation for the striation to warrant its use as a tool for investigating the data presented in Fig. 1 . The KAM11 experiment 8 was carried out off the western side of Kauai, Hawaii, in roughly 100 m-deep water during the summer of 2011. Here we focus on the data collected from the experimental setup depicted in Fig. 1(a) . 
A. Environmental model
A measured surface-wave spectrum from a Waverider buoy was shown in Fig. 1(d) of Ref. 7 . The dominant wave period was about 8-10 s with its direction from the northeast [see Fig. 1(a) ]. For 2-D simulations, the surface wave is assumed to move from right to left, neglecting out-of-plane scattering. The water column was variable with a typical mixed layer depth of 40-60 m and downward refracting below. The sound-speed profile in Fig. 1(c) of Ref. 7 is used for simulations. The geoacoustic properties of the seafloor are those typical of sand: density 1.9 g/cm 3 , compressional wave speed 1650 m/s, and compressional wave attenuation 0.8 dB/wavelength. 21 The acoustic environment then is considered range independent except for the dynamic rough surface waves. In comparison with the PE model implemented in the frequency domain, 7 our ray-based approach is implemented in the time domain, efficient for broadband simulations (7-13 kHz).
B. Reproduction of striation
A realization of a random, rough surface from a concurrently measured wave spectrum is displayed in Fig. 5(a) , which is traveling from right to left. The simulated timevarying CIR at the receiver is shown in Figs. 5(b) and 5(c) for Sta07 (forward) and Sta05 (backward), respectively. The paths are numbered on top of the figure and correspond to (1) direct, (2) bottom bounce, (3) surface bounce, and (4) bottom-surface bounce. The modeling results then are compared to the experimental data in Figs. 1(b) and 1(c) , noting that the horizontal axis is shortened (i.e., 12 vs 20 ms). In the experiment data, the striation intensity is sort of flat or gradually decreasing in time, as compared to the increasing intensity shown in the simulation results (Figs. 2 and 3) . The discrepancy is likely attributed to the limitation of the 2-D model employed whereas in practice the rough surface is inherently 3-D involving out-of-plane scattering. Despite the differences in details, the simulation results appear to capture the essential feature of the striation pattern seen in the experimental data. Specifically, the striation highlighted in the box emerges upward for the forward surface (moving in the same direction as the acoustic propagation), and dominantly downward for the backward surface (in the opposite direction to the acoustic propagation), both due to interaction with region 1 as described below.
With a sinusoidal surface in Sec. III, the striation emerges in both directions whose length depended on the sourceÀreceiver geometry. This is true even in the presence of rough surface waves, and closer examination of Fig. 5(b) indeed reveals the striation in both directions. Due to the deeper source in the KAM11 experiment, however, the rays reflected from region 1 (toward the source from the specular reflection point) lead to a much longer striation (see Fig. 4 ). More details are shown in the insets of Figs. 5(d) and 5(e). When the surface is moving forward in Fig. 5(d) , the intersection of a ray with the rough surface occurs on the left side of a trough and eigenrays change from solid line to dotted line, resulting in the upward striation in Fig. 5(b) , similar to Fig. 4(b) . Conversely when the surface is moving backward in Fig. 5(e) , the interaction occurs on the right side of a trough (solid line to dotted line) with a longer path, causing the downward striation in Fig. 5(c) , similar to Fig. 4(c) .
Although not shown here, the shorter striation due to interaction with region 2 (toward the receiver from the specular reflection point) is too close to the high-intensity surface reflected arrivals (i.e., paths 3 or 4) to be detected. Consequently, the longer striation is more likely to be observed against a noise background after a matchedfiltering gain (i.e., time-bandwidth product) in the experimental data.
Unlike the regular, smooth, long curves with a sinusoidal surface in Sec. III, both simulations and experimental data with a rough surface indicate that the striation is made up of rather scattered, short lines because the irregular surface does not sustain the arrival structure long enough to form a curve. Interestingly, there has been a report on an extraordinary case of time-varying CIR with high-intensity, long, curved striations (downward) despite a lack of details about the ocean environment and geometry. 22 It also is worth noting that simulations reasonably reproduced the modulation of the surface reflected arrivals (paths 3 and 4) in Figs. 5(b) and 5(c). Although not critical in the context of this paper, the bottom bounce path (2) shows a much weaker intensity than the direct arrival (1) in simulations even with less attenuation in the bottom, in contrast with almost equal intensities shown in the data; this is not well understood.
V. CONCLUSIONS
The striation pattern observed from the KAM11 experiment was analyzed using a simple ray tracing algorithm that can handle a moving surface wave rigorously. As a baseline, the simulations with a smooth sinusoidal surface wave demonstrated that part of the surface on both sides of the specular reflection point can be illuminated by rays due to curved surfaces. The corresponding later arrivals collectively formed a striation in opposite directions, upward and downward, whose pattern depended on the surface wave direction, illuminated region, and the sourceÀreceiver geometry. As opposed to wave focusing events associated with a wave crest involving caustics and shadow zones, it is found that the striation occurs due to reflection off the convex section around a trough. This is supported by the fact that the simple geometric ray model successfully reproduced the striation pattern without taking into account such caustics. The striation appeared in smooth curves for a sinusoidal surface whose length is determined mainly by the depth of the source or receiver, whichever is closer in range to the illuminated region, and to a lesser degree by the extent of the region.
The broadband simulations (7-13 kHz) with a random rough surface indeed captured the essential feature of the striation pattern observed in the KAM11 data. In particular, the striation emerged upward when the surface was moving forward, but downward when the surface was moving backward. Even with a rough surface the striation appeared in both directions, but the asymmetric geometry with a deeper source led to striation that was much longer in one direction than in the other. The longer striation was visible in the tail against the noise background whereas the shorter one was masked by the high-intensity surface reflected arrivals and thus could not be detected. In addition, the striation was made up of scattered, short linear lines due to interaction with the irregular surface, which could not sustain the arrival structure long enough to form a curve. 
